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Clinical PerspectiveWhat Is New?The study adds novel insights regarding the complex genetics underlying variability in ECG traits, and identifies 5 novel genes that potentially modulate cardiac conduction.The study furthermore demonstrates the unique opportunities offered by combining genetic studies in rodents with gene expression and cardiac electrophysiological phenotypes to yield novel candidates in an unbiased, data‐driven way.What Are the Clinical Implications?Findings from this study provide insight into the molecular underpinnings of cardiac conduction, which may ultimately facilitate development of novel diagnostic and therapeutic strategies for patients with cardiac conduction disease and related arrhythmias.

 {#jah33551-sec-0008}

The surface ECG records the electrical potential of the heart at the surface of the body as the electrical impulse travels throughout the heart with each heartbeat. The RR interval represents an entire cycle of cardiac electrical activity (1 heartbeat), with the number of cycles per minute being designated as the heart rate (beats per minute). The P wave denotes depolarization of the atria, which spreads from the sino‐atrial node toward the atrioventricular node, and from the right to the left atrium. The PR interval reflects the time the electrical impulse takes to travel from the sinus node through the atrioventricular node. The QRS complex represents the rapid depolarization of the ventricles and the T wave represents the repolarization of the ventricles.

The biological processes that underlie or impinge on the different parameters of the ECG are considered likely mediators of cardiac arrhythmia.[1](#jah33551-bib-0001){ref-type="ref"} As such, the different ECG parameters are considered important intermediate phenotypes (endophenotypes) of arrhythmia and dissecting the genetic underpinnings of these traits may therefore uncover pathways relevant for arrhythmia. This concept is supported by population‐based studies that demonstrated that ECG parameters are associated with risk of arrhythmia or sudden cardiac death,[2](#jah33551-bib-0002){ref-type="ref"} as well as by genome‐wide association studies (GWAS) that uncovered loci that are involved in both modulation of ECG traits and arrhythmia risk (eg, common variants at the *SCN5A*/*SCN10A* locus modulates both the PR interval as well as susceptibility to atrial fibrillation).[3](#jah33551-bib-0003){ref-type="ref"}, [4](#jah33551-bib-0004){ref-type="ref"}

GWAS conducted in recent years in large samples of the general population have identified multiple loci harboring common genetic variants that modulate the different ECG parameters.[5](#jah33551-bib-0005){ref-type="ref"}, [6](#jah33551-bib-0006){ref-type="ref"}, [7](#jah33551-bib-0007){ref-type="ref"}, [8](#jah33551-bib-0008){ref-type="ref"} Yet, the understanding of the causal genes and underlying mechanisms of these loci has lagged behind. Furthermore, also when considered in aggregate, the identified loci explain only a small fraction of the population variance in these traits and therefore other loci remain to be identified. Genetic studies in rodents could be complementary to these human genetic studies and lead to the identification of new loci. In this respect, genetic studies in rodents overcome some limitations of human genetic studies in that they allow the integration of different levels of "omics" data with the phenotype, and thus provide new inroads for identification of genes underlying cardiac electrical function. This approach was previously used successfully by our group, resulting in the identification of *Tnni3k* as a novel gene for cardiac conduction (PR interval).[9](#jah33551-bib-0009){ref-type="ref"}

The HXB/BXH panel of recombinant inbred (RI) rat strains derived by reciprocal crossing of the Brown Norway (BN) rat and the spontaneously hypertensive rat (SHR) has been a leading model in rodent genetic studies of complex traits, in particular cardiovascular.[10](#jah33551-bib-0010){ref-type="ref"}, [11](#jah33551-bib-0011){ref-type="ref"}, [12](#jah33551-bib-0012){ref-type="ref"} In the construction of an RI panel,[13](#jah33551-bib-0013){ref-type="ref"} 2 inbred genetically distant progenitor strains are mated to produce F2 hybrids that carry a unique combination of maternal and paternal loci. Subsequent inbreeding of randomly chosen pairs of F2 animals and brother--sister mating for \>20 generations yields individual homozygous RI strains. Thus, an RI panel offers a controllable, renewable resource of genetically identical (within strains) yet diverse (between strains) rats. The possibility to study genetically identical biological replicates optimizes estimation of trait heritability by reducing environmental variance, making RI panels statistically powerful for genetic studies even at relatively small sample sizes. Furthermore, the constant genetic background within each RI strain allows for the accumulation of genetic, omics, and phenotypic data over time. This is particularly the case for the HXB/BXH RI rat panel for which the parental strains have both been fully sequenced,[14](#jah33551-bib-0014){ref-type="ref"}, [15](#jah33551-bib-0015){ref-type="ref"} and genotyping of the RI strains has led to the identification of 1384 strain distribution patterns of single nucleotide polymorphisms (SNPs) for use in genetic mapping.[16](#jah33551-bib-0016){ref-type="ref"} Additionally, RNA‐seq‐based gene expression data are available for multiple tissues across the panel,[17](#jah33551-bib-0017){ref-type="ref"} as well as many cardiac physiological phenotypes such as blood pressure and cardiac mass.[18](#jah33551-bib-0018){ref-type="ref"} The panel therefore lends itself well to systems genetics studies by means of genome‐wide mapping of expression traits combined with physiological phenotypes and has proven to be pivotal in the identification of genes underlying mechanisms in complex diseases such as diabetes mellitus, metabolic syndrome, and cardiovascular disease.[10](#jah33551-bib-0010){ref-type="ref"}, [19](#jah33551-bib-0019){ref-type="ref"}, [20](#jah33551-bib-0020){ref-type="ref"}

We here for the first time used the HXB/BXH RI rat panel to map genetic loci impacting on heart rate and ECG indices of cardiac conduction indices. By integrating ECG measurements with genotypic and cardiac transcriptomic data, we identify novel candidate genes and gene networks associated with cardiac conduction.

Methods {#jah33551-sec-0009}
=======

HXB/BXH RI Rat Strains {#jah33551-sec-0010}
----------------------

The HXB/BXH recombinant inbred rat strain panel, derived by intercrossing BN and SHR strains, has been described in detail previously.[11](#jah33551-bib-0011){ref-type="ref"}, [21](#jah33551-bib-0021){ref-type="ref"} In this study, 29 RI strains at \>F~60~ are used, which constitute the same strains as in previous work.[22](#jah33551-bib-0022){ref-type="ref"} Rats were bred and housed at the Institute of Physiology, Academy of Sciences of the Czech Republic (Prague, Czech Republic). All of the animal studies were performed in agreement with the Animal Protection Law of the Czech Republic (311/1997) and approved by the Ethics Committee of the Czech Academy of Sciences Institute of Physiology.

Acquisition of ECG Data {#jah33551-sec-0011}
-----------------------

ECGs were measured in 6 rats (all males, 6 weeks old) from each of the HXB/BXH RI strains. A 3‐lead surface ECG was recorded from subcutaneous 23‐gauge needle electrodes attached to each limb of rats in the prone position using the PowerLab acquisition system (ADInstruments). Signals from each channel (channels 1 and 2) were analyzed separately. ECG traces from each channel were signal averaged and analyzed for heart rate (RR interval) and for PR‐, QRS‐, and QT‐interval duration using the LabChart Pro software (ADInstruments). PR‐, QRS‐, and QT‐intervals were measured in 2 ways (Figure [S1](#jah33551-sup-0001){ref-type="supplementary-material"}): (1) with the start of the QRS complex defined as the very first deflection from the baseline (typically a downward slope), and (2) with the start of the QRS complex defined as the start of its fast upstroke. For these parameters this yielded 4 measurements: measurements "a" and "b" for both channels. The QT interval was corrected for heart rate using the formula QTc=QT/(RR/100).

Heritability of ECG Traits {#jah33551-sec-0012}
--------------------------

To assess the heritability of the ECG traits (PR, QRS, QTc, and RR), the narrow‐sense h^2^ was estimated in the set of RI lines using the formula h^2^=0.5V~A~/(0.5V~A~+V~E~).[23](#jah33551-bib-0023){ref-type="ref"} Within this formula, V~A~ represents the additive genetic component (variance across strains, ie, the variance of the strain means) and V~E~ represents the average environmental component (variance within strains, ie, the mean of the strain variances).[24](#jah33551-bib-0024){ref-type="ref"}

Genotypic and Cardiac Transcriptome Data Sets {#jah33551-sec-0013}
---------------------------------------------

Previous genome‐wide genotyping (\>20 000 SNPs) in the RI strains yielded 1384 strain distribution patterns, tagged by 1384 informative polymorphic markers, which were used for genetic mapping in this study.[16](#jah33551-bib-0016){ref-type="ref"} The acquisition of left ventricular transcriptomic data by RNA‐seq has been described in detail elsewhere.[25](#jah33551-bib-0025){ref-type="ref"} Briefly, mRNA was extracted from left ventricular tissue of 6‐week‐old male rats and sequenced on an Illumina HiSeq2000 using standard protocols. Reads were aligned to the BN reference genome RGSC 5.0 using TopHat v1.2.0.[26](#jah33551-bib-0026){ref-type="ref"} Gene expression levels were estimated using all read counts mapping to gene bodies. Gene expression values were normalized across samples using VST normalization[27](#jah33551-bib-0027){ref-type="ref"} and log2 transformed. Only genes expressed at sufficient levels (at least 1 FPKM[28](#jah33551-bib-0028){ref-type="ref"} in 5% of the samples) were considered for further analysis, amounting to a total of 11 221 genes. Principal component analysis of the normalized gene expression data revealed a confounding effect accounting for 40% of the variance observed between strains. The gene expression data were therefore corrected for the first principal component and the resulting data used in all subsequent analyses.

Quantitative Trait Loci Analysis {#jah33551-sec-0014}
--------------------------------

All 1384 informative genetic polymorphic markers were checked for association with each ECG parameter, taking together the 2 measurements ("a" and "b," Figure [S1](#jah33551-sup-0001){ref-type="supplementary-material"}) of a given channel in a multiresponse model using the Empirical Stochastic Search procedure.[29](#jah33551-bib-0029){ref-type="ref"} This Bayesian procedure[30](#jah33551-bib-0030){ref-type="ref"} evaluates all potential models, including multimarker models, and yields a posterior likelihood of association of each genetic marker conditional on all other markers: a marginal posterior probability of inclusion. Fixed effects on each strain were added as covariates in the analysis to account for potential outliers or genotyping errors. The significance threshold for marginal posterior probability of inclusion was set at a 5% false discovery rate assessed empirically using the procedure as described previously,[31](#jah33551-bib-0031){ref-type="ref"} corresponding to a marginal posterior probability of inclusion of 0.4 for PR interval in both channel 1 and 2.

Expression Quantitative Trait Locus Analysis and Quantitative Trait Transcript Analysis {#jah33551-sec-0015}
---------------------------------------------------------------------------------------

For each genetic marker associated with an ECG trait, *cis* expression quantitative trait locus (eQTL) effects were tested for all genes located within 1 Mb of the genetic marker using linear modeling. For each gene, the expression values were first normal‐transformed and subsequently tested for association with the genetic marker of the locus using linear modeling.

Correlation between gene expression level and ECG traits was tested by calculating Spearman\'s correlation coefficient (ρ), referred to as quantitative trait transcript analysis. This was done separately for each channel (using the average of the 2 measurements "a" and "b" in the case of PR, QRS, and QT). *P* values were estimated using asymptotic T approximation. A nominal *P* value of 0.05 was considered significant.

Co‐expression Network Construction, Functional Annotation {#jah33551-sec-0016}
---------------------------------------------------------

Co‐expression networks were constructed for all genes using WGCNA[32](#jah33551-bib-0032){ref-type="ref"} with default settings as described previously.[22](#jah33551-bib-0022){ref-type="ref"} Networks were constructed with WGCNA β values of 7 and 8, with the latter being the preferred but more conservative value, leading to smaller but theoretically more robust networks.[32](#jah33551-bib-0032){ref-type="ref"} Of the candidate genes identified through integration of the ecgQTL, eQTL, and quantitative trait transcript analysis results, 4 (*Acbd4*,*Fam171a2*,*Cd300lg*, and *Nhlrc1*) were not part of any of the networks generated using the conservative settings. Hence the networks from the less conservative setting (β=7) were used for these genes.

The eigengene of each network was defined as the first principal component of the expression matrix of all genes in a network. Correlation of the eigengene with PR interval was calculated using Spearman\'s ρ. *P* values were estimated using asymptotic T approximation. A nominal *P* value of 0.01 was considered significant. Functional annotation was added to the networks based on enrichment for Gene Ontology terms (Biological Process, Cellular Component and Molecular Function) in the topGO package[33](#jah33551-bib-0033){ref-type="ref"} in R, using the parentChild method[34](#jah33551-bib-0034){ref-type="ref"} and a recommended minimum node‐size of 5.

Human Left Ventricular RNA‐Seq Gene Expression Data {#jah33551-sec-0017}
---------------------------------------------------

Left ventricular human heart sample acquisition and processing has been described in detail elsewhere.[35](#jah33551-bib-0035){ref-type="ref"} Briefly, mRNA was isolated from left ventricular tissue of 108 nondiseased donors of European descent at the AMC in Amsterdam. All samples were subsequently sequenced on an Illumina HiSeq 2000 sequencer at the Max Delbrück Centre for Molecular Medicine in Berlin. Reads were aligned to human genome build HG19 using TopHat v1.2.0.[26](#jah33551-bib-0026){ref-type="ref"} Gene expression levels were estimated using all read counts mapping to gene bodies. Genes with a total read count of \<10 reads were not considered. Data were normalized using VST[36](#jah33551-bib-0036){ref-type="ref"} and log~2~‐transformed. Orthologue mapping from rat to human was achieved using homologene data from Ensembl (release 91).

Testing for Enrichment for Electrophysiological Trait GWAS Genes in Co‐Expression Networks {#jah33551-sec-0018}
------------------------------------------------------------------------------------------

Genes located within 1 Mb upstream and downstream of SNPs associated with electrophysiological traits by GWAS in humans were first identified. For this we searched for common genetic variants associated with ECG traits and atrial fibrillation susceptibility using the online catalog of GWAS hosted by the National Human Genome Research Institute (accessed October 2017[37](#jah33551-bib-0037){ref-type="ref"}). Briefly, the catalog, which is updated regularly, includes all published studies that have performed genome‐wide evaluations of human traits and disease phenotypes with a minimum of 100 000 SNPs and associations with *P*≤10^−5^. We focused on those associations that had reached genomewide statistical significance (*P*\<5×10^−8^). In addition, we performed a literature search using the PubMed database that focused on peer‐reviewed publications in English. To ensure that we used independent SNPs, we pruned the SNP list thus generated by using a linkage disequilibrium cut‐off of *r* ^2^=0.1.

Next, for each GWAS trait (ECG parameters \[heart rate, heart rate variability, PR interval, QRS duration, QTc interval, and ST‐T wave amplitudes\] or arrhythmia \[atrial fibrillation\]), we identified all human genes within 1 Mb upstream or downstream of each associated SNP, by combining the SNP information from dbSNP version 144 with gene information from Biomart (Ensembl release 91). We refer to the thus identified genes as "GWAS genes" for brevity. For each GWAS gene, the corresponding homologue in rat was retrieved from Ensembl (release 91). This resulted in a list of GWAS gene rat homologues for each GWAS trait. Finally, for each co‐expression network generated from the RI gene expression data (see above), enrichment for GWAS gene homologues was tested for the set of genes comprising the network. Enrichment was calculated using the set of 11 221 expressed genes. This resulted in an enrichment *P* value for every co‐expression network and every GWAS trait.

Data Availability {#jah33551-sec-0019}
-----------------

The ECG data are available from the authors upon request; all other data are publicly available (please see cited references).

Results {#jah33551-sec-0020}
=======

Assessment of ECG Indices in the HXB/BXH RI Strains {#jah33551-sec-0021}
---------------------------------------------------

ECGs were obtained in 6 male rats at 6 weeks of age from each of the 29 available HXB/BXH RI strains. At this age, gross cardiac structure and function is normal and cardiac hypertrophy is not yet evident,[18](#jah33551-bib-0018){ref-type="ref"}, [38](#jah33551-bib-0038){ref-type="ref"} allowing for the assessment of cardiac electrical function in the absence of structural remodeling. Signals acquired from 2 leads (from here on referred to as channel 1 and 2) were analyzed separately for RR interval (heart rate), PR interval (a measure of atrioventricular conduction), QRS duration (a measure of conduction time through the ventricles), and QTc interval (a measure of ventricular repolarization time). As expected, variability among rats within each RI strain was low, while considerable variability was observed across strains, suggesting a heritable genetic component underlying variation in these traits (Figure [S2](#jah33551-sup-0001){ref-type="supplementary-material"}). Estimation of the narrow‐sense h^2^ [23](#jah33551-bib-0023){ref-type="ref"} revealed low heritability for QRS duration (h^2^=14%), moderate heritability for QTc interval (h^2^=23%) and high heritability for PR interval (h^2^=47%) and RR interval (h^2^=55%).

QTL Analysis Identifies 2 Loci Associated With PR Interval {#jah33551-sec-0022}
----------------------------------------------------------

Quantitative trait locus analysis was conducted for RR interval, PR interval, QRS duration, and QTc interval in the HXB/BXH RI panel using 1384 genetic markers. This was performed using the Empirical Stochastic Search procedure,[29](#jah33551-bib-0029){ref-type="ref"} which implements a Bayesian model selection approach where all potential single‐ and multimarker models underlying the variance observed in a quantitative phenotype are considered. This yields a marginal posterior probability of inclusion for each marker as a measure of association with an ECG parameter, conditional on all other markers, thereby effectively controlling for the genetic differences between the strains. Repeated data permutations were performed to assess the genome‐wide threshold for significant association, controlling the false discovery rate at 0.05. Two loci were found to be significantly associated with the PR interval (Figure [1](#jah33551-fig-0001){ref-type="fig"}). A locus on chromosome 10 was found to be significantly associated with PR interval in channel 2, with the same locus displaying suggestive association in channel 1. A locus on chromosome 17 was found to be associated with PR interval in channel 1, with a suggestive association in channel 2. Both identified QTL show similar trends overall in both channels (Table [1](#jah33551-tbl-0001){ref-type="table"}). No statistically significant QTL were identified for any of the other ECG indices.

![PR loci on chromosome 10 and chromosome 17. (top) Manhattan plots of association with PR interval as measured in channel 1 (left figure) and channel 2 (right figure). On the *y*‐axis is the Marginal Posterior Probability of Inclusion as determined using the sparse Bayesian modeling of the ESS software. The stronger the association, the higher the value. On the *x*‐axis are the genome coordinates of the interrogated markers. The gray dotted line signifies the 5% false discovery rate cut‐off value, determined by permutation analysis. Two loci were identified on chromosome 17 and chromosome 10 for PR interval in channel 1 and channel 2, respectively. Bottom: overview of the genes at the identified loci (source: Ensembl). Below each figure in bold are several genes discussed in detail within the article.](JAH3-7-e009243-g001){#jah33551-fig-0001}

###### 

Genes With Significant eQTLs at Chromosome 10 and 17 Loci

  Chromosome   Position Rn3.4   Position Rn5.0   MPPI   FDR    ECG Trait        Ensembl Gene ID      Gene Symbol   eQTL *P* Value   QTT Trait        QTT p            QTT rho
  ------------ ---------------- ---------------- ------ ------ ---------------- -------------------- ------------- ---------------- ---------------- ---------------- -------------
  10           91899984         90539744         0.43   \<5%   PR (Channel 2)   ENSRNOG00000003108   *Acbd4*       5.24E‐08         PR channel 1/2   0.0033/0.00052   0.53/0.61
  10           91899984         90539744         0.43   \<5%   PR (Channel 2)   ENSRNOG00000020837   *Cd300lg*     7.49E‐06         PR channel 1/2   0.0094/0.0084    −0.48/−0.48
  10           91899984         90539744         0.43   \<5%   PR (Channel 2)   ENSRNOG00000021041   *Fam171a2*    4.49E‐06         PR channel 1/2   0.026/0.023      −0.41/−0.42
  10           91899984         90539744         0.43   \<5%   PR (Channel 2)   ENSRNOG00000028569   *Arhgap27*    6.13E‐04         PR channel 1/2   0.0034/0.014     −0.53/−0.46
  17           24082890         19525138         0.45   \<5%   PR (Channel 1)   ENSRNOG00000026286   *Nhlrc1*      3.38E‐04         PR channel 1/2   0.064/0.033      0.35/0.4

eQTL indicates expression quantitative trait locus; FDR, false discovery rate; ID, identifier; MPPI, marginal posterior probability of inclusion; p, Spearman correlation *P* value; QTT, quantitative trait transcript; rho, Spearman correlation rho value.
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Both QTL have corresponding regions in humans, with the chromosome 10 locus being syntenic to human 17q21.3 and the chromosome 17 locus syntenic to human 6p22.3. Each gene at each of the 2 rat loci has a corresponding homologue in humans.

Candidate Gene Identification at the Identified PR Interval--Associated Loci {#jah33551-sec-0023}
----------------------------------------------------------------------------

### Chromosome 10 QTL {#jah33551-sec-0024}

The chromosome 10 QTL harbors 59 genes within 1 Mb upstream or downstream of the PR interval--associated genetic marker (Table [S1](#jah33551-sup-0002){ref-type="supplementary-material"}). We first explored whether the observed effect on PR interval could be mediated via coding variants within the 59 genes present at the locus. A look‐up in the fully sequenced genomes of the 2 parental rat strains[14](#jah33551-bib-0014){ref-type="ref"}, [15](#jah33551-bib-0015){ref-type="ref"} identified a frameshift deletion in *Hexim2* (c.472delG, p.Val158Metfs\*22) in the SHR strain at the chromosome 10 locus, potentially leading to a loss of function. No other nonsynonymous coding variants were found in 58 genes located within the region.

Next, we explored whether the observed effect on PR interval could be mediated via transcriptional mechanisms. Using left ventricular gene expression data generated for the HXB/BXH RI panel by RNA‐seq,[25](#jah33551-bib-0025){ref-type="ref"} we tested for *cis* expression quantitative trait loci (*cis* eQTLs) for each gene in the locus using linear modeling (see [Methods](#jah33551-sec-0009){ref-type="sec"} section for details; complete results are presented in Table [S1](#jah33551-sup-0002){ref-type="supplementary-material"}). After correcting for multiple testing because of the number of candidate genes tested for *cis*‐acting regulation (*P*\<0.001; 0.05/59 genes tested), significant *cis* eQTLs (*P*\<0.001) were identified for 4 genes: *Acbd4*,*Cd300lg*,*Fam171a2*, and *Arhgap27* (Figure [2](#jah33551-fig-0002){ref-type="fig"} and Table [1](#jah33551-tbl-0001){ref-type="table"}). In addition, the cardiac expression level of all 4 eQTL genes was significantly correlated with PR interval among the strains in both ECG channels (Table [1](#jah33551-tbl-0001){ref-type="table"}).

![Genes with significant eQTL at chromosome 10 and 17 PR interval associated loci. For each gene (A: *Acbd4*, B: *Arhgap27*, C: *Cd300lg*, D: *Fam171a2* and E: *Nhlrc1*), from left to right: (1) Boxplots of PR interval duration for the SHR allele (genotype "0") and BN allele (genotype "1"); (2) Boxplots of gene expression data for the SHR allele (genotype "0") and BN allele (genotype "1"); (3) Scatterplot of gene expression vs PR interval duration, with the blue line a linear least‐squares fit and the underlying gray shading the estimated error. Gene expression data were corrected for the first principal component; expression levels are relative. BN indicates Brown Norway rat; eQTL, expression quantitative trait locus; SHR, spontaneously hypertensive rat.](JAH3-7-e009243-g002){#jah33551-fig-0002}

Among other genes at the locus, *Gosr2* has been previously associated with QRS duration in humans,[39](#jah33551-bib-0039){ref-type="ref"} while *Gjc1* encodes Connexin45, a gap junctional protein predominantly expressed in the cardiac conduction system; however, no significant eQTL effects or correlation of transcript abundance to PR interval was observed for *Hexim2, Gosr2*, or *Gjc1*.

Our approach identified 5 candidate genes (*Hexim2*,*Acbd4*,*Cd300lg*,*Arhgap27*, and *Fam171a2*) at the chromosome 10 locus. *Hexim2* harbors a protein‐altering variant, whereas transcript abundance of *Acbd4*,*Cd300lg*,*Arhgap27*, and *Fam171a2* (1) is under strong genetic control of the haplotype that modulates the PR interval between the 2 rat strains, and (2) is correlated with PR interval. An additional 2 genes at this locus may be of interest based on prior knowledge (*Gosr2* and *Gjc1*).

### Chromosome 17 QTL {#jah33551-sec-0025}

The QTL identified on chromosome 17 contains 13 genes within 1 Mb upstream or downstream of the PR interval--associated genetic marker, none of which have been previously associated with cardiac traits. A look‐up in the fully sequenced genomes of the 2 parental rat strains[14](#jah33551-bib-0014){ref-type="ref"}, [15](#jah33551-bib-0015){ref-type="ref"} did not identify any protein‐altering variants within the region.

As with the chromosome 10 QTL, we next explored eQTL effects that could point to effects mediated by alterations in transcript abundance (complete results are presented in Table [S1](#jah33551-sup-0002){ref-type="supplementary-material"}). After correcting for multiple testing, eQTL analysis revealed only a single significant *cis*‐eQTL for *Nhlrc1* (*P*\<0.004; 0.05/13 genes tested; Table [1](#jah33551-tbl-0001){ref-type="table"}). The transcript abundance of *Nhlrc1* (Figure [2](#jah33551-fig-0002){ref-type="fig"}) correlates with PR interval in channel 2 (Spearman ρ=0.40, *P*=0.03) and to a somewhat lesser extent with PR interval in channel 1 (Spearman ρ=0.35, *P*=0.06).

Thus, our approach identified a single candidate gene, *Nhlrc1*, at the chromosome 17 locus, the transcript abundance of which (1) is under strong genetic control by the haplotype that modulates the PR interval among the 2 strains, and (2) is correlated with PR interval.

Expression of Candidate Genes in Rat and Human Cardiac Tissue {#jah33551-sec-0026}
-------------------------------------------------------------

All identified candidate genes (*Acbd4*,*Cd300lg*,*Arhgap27*,*Fam171a2*, and *Nhlrc1*) have been previously reported to be expressed in rat and human left ventricular tissue.[40](#jah33551-bib-0040){ref-type="ref"} However, in a recent deep sequencing effort of human control left ventricular tissue, the expression of both *FAM171A2* and *NHLRC1* appeared negligible[35](#jah33551-bib-0035){ref-type="ref"} (Table [S1](#jah33551-sup-0002){ref-type="supplementary-material"}). Additionally, a look‐up in the human GTEx database[41](#jah33551-bib-0041){ref-type="ref"} revealed robust expression of *ACBD4*,*CD300LG*, and *ARHGAP27* in atrial appendage and left ventricular tissue*,* but low expression for *FAM171A2* and *NHLRC1*. While atrial expression data are currently unavailable for the HXB/BXH RI strains, such data have been obtained from 4 normal adult male Sprague‐Dawley rats and is publicly available (GEO accession [GSE5266](GSE5266) [42](#jah33551-bib-0042){ref-type="ref"}). In this data set, 3 of the 5 candidate genes were included in the microarray design (*Acbd4*,*Fam171a2*, and *Arhgap27*), which all showed expression in rat atrial tissue.

Co‐Expression Network Analysis Reveals Networks Associated With ECG Traits {#jah33551-sec-0027}
--------------------------------------------------------------------------

Co‐expressed genes (ie, genes that follow the same expression pattern) are likely to be part of the same complex or biological pathway.[43](#jah33551-bib-0043){ref-type="ref"} We first constructed co‐expression networks with the WGCNA package,[32](#jah33551-bib-0032){ref-type="ref"} and then investigated the association of multiple, potentially co‐regulated genes (ie, gene networks) with the ECG traits.

Transcriptome‐wide co‐expression network analysis of the cardiac RNA‐seq data identified 50 co‐expression networks (lists of all the genes per network are provided in Table [S2](#jah33551-sup-0003){ref-type="supplementary-material"}). We then assessed the correlation between the eigengene of each network, a summary of the observed co‐variation of all genes in a network, with the different ECG traits (Table [S3](#jah33551-sup-0004){ref-type="supplementary-material"}). Next, we performed Gene Ontology (GO) enrichment analysis[33](#jah33551-bib-0033){ref-type="ref"}, [34](#jah33551-bib-0034){ref-type="ref"} of the identified networks.

Eigengenes of 6 networks (M8, M12, M24, M26, M30, and M37) showed a significant correlation with one of the ECG traits (*P*\<0.01 and \|ρ\|\>0.4) (Table [2](#jah33551-tbl-0002){ref-type="table"}; complete results are shown in Table [S3](#jah33551-sup-0004){ref-type="supplementary-material"}). Network M8 (n=40 genes), the eigengene of which was correlated with the PR interval (ρ=−0.515 \[channel 1\], −0.584 \[channel 2\]), is enriched for genes involved in the regulation of cell adhesion at the cell junction (Table [S4](#jah33551-sup-0005){ref-type="supplementary-material"}). The eigengenes of networks M12 (n=21 genes) and M24 (n=22 genes) were correlated with the QRS duration in channel 1 (ρ=−0.488 \[M12\] and 0.484 \[M24\]). These networks are enriched for genes involved in RNA processing and splicing (Tables [S5](#jah33551-sup-0006){ref-type="supplementary-material"} and [S6](#jah33551-sup-0007){ref-type="supplementary-material"}). Networks M26 (n=148 genes) and M30 (n=24 genes) were correlated with PR interval duration in channel 1 (ρ=−0.459 and −0.567, respectively) and channel 2 (ρ=−0.511 and −0.464, respectively). Network M26 is enriched for genes involved in cell adhesion and the extracellular component (Table [S7](#jah33551-sup-0008){ref-type="supplementary-material"}). Network M37 (n=52 genes) was correlated with QRS duration in channel 2 (ρ=−0.519); networks M30 and M37 genes are enriched for genes involved in cell metabolism (Tables [S8](#jah33551-sup-0009){ref-type="supplementary-material"} and [S9](#jah33551-sup-0010){ref-type="supplementary-material"}).

###### 

Co‐Expression Networks With Significant Correlation With ECG Traits

  Network   PR (1)   QRS (1)                                           QTc (1)   PR (2)                                            QRS (2)   QTc (2)    RR      Gene Ontology Enrichment                                                                                                                          
  --------- -------- ------------------------------------------------- --------- ------------------------------------------------- --------- ---------- ------- ------------------------------------------------- ------- ------------------------------------------------- ------- ---------- ------- ---------- --------------------------------------------------
  *M8*      −0.52    4.74E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.22     2.49E‐01                                          −0.09     6.37E‐01   −0.58   1.08E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.12   5.23E‐01                                          0.09    6.35E‐01   0.10    6.01E‐01   Regulation of cell adhesion at the cell junction
  *M12*     −0.18    3.49E‐01                                          −0.48     8.81E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.05     8.01E‐01   −0.20   3.09E‐01                                          −0.16   4.17E‐01                                          0.18    3.41E‐01   0.00    9.99E‐01   RNA processing and splicing
  *M24*     0.25     1.93E‐01                                          0.48      8.43E‐03[a](#jah33551-note-0005){ref-type="fn"}   0.05      7.91E‐01   0.17    3.84E‐01                                          0.14    4.83E‐01                                          −0.08   6.95E‐01   0.20    2.96E‐01   RNA processing and splicing
  *M26*     −0.46    1.30E‐02[a](#jah33551-note-0005){ref-type="fn"}   0.03      8.59E‐01                                          0.00      9.98E‐01   −0.51   5.11E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.08   6.83E‐01                                          0.09    6.43E‐01   0.01    9.50E‐01   Cell adhesion and the extracellular component
  *M30*     −0.57    1.61E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.50     6.16E‐03                                          0.03      8.81E‐01   −0.46   1.21E‐02[a](#jah33551-note-0005){ref-type="fn"}   −0.12   5.21E‐01                                          0.36    5.33E‐02   −0.08   6.85E‐01   Cell metabolism
  *M37*     −0.19    3.14E‐01                                          −0.24     2.05E‐01                                          0.24      2.03E‐01   −0.17   3.82E‐01                                          −0.52   4.43E‐03[a](#jah33551-note-0005){ref-type="fn"}   −0.10   6.21E‐01   −0.34   7.35E‐02   Cell metabolism

*P* indicates Spearman correlation *P* value; rho, spearman correlation rho value.

*P* value \< 0.05 (nominal significance).
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Co‐Expression Network Analysis of Genes Under Transcriptional Control of PR Interval Loci {#jah33551-sec-0028}
-----------------------------------------------------------------------------------------

We next assessed whether genes at the PR interval QTLs and which had a significant *cis*‐eQTL were part of one of the co‐expression networks. *Arhgap27* (chromosome 10 PR‐locus) is included in a co‐expression network consisting of 37 genes (network M47; Figure [3](#jah33551-fig-0003){ref-type="fig"}, Table [S10](#jah33551-sup-0011){ref-type="supplementary-material"}), of which 8 show a significant correlation with PR interval (*P*\<0.05). The eigengene of the co‐expression network correlated positively with PR interval (ρ=0.37 \[channel 1\], 0.36 \[channel 2\]; *P*\<0.05). Gene Ontology enrichment analysis of the network revealed an overrepresentation of genes involved in cellular localization, multicellular organismal development, and RNA interference (Table [3](#jah33551-tbl-0003){ref-type="table"} and Table [S11](#jah33551-sup-0012){ref-type="supplementary-material"}).

![Co‐expression network containing the significant eQTL genes *Acbd4*,*Fam171a2*, and *Cd300lg*. Overview of the co‐expression network of 31 genes, containing 3 candidate genes identified through eQTL analysis. A, Heatmap showing the Spearman correlation between gene expression patterns of each gene pair. Blue signifies negative correlation, while orange signifies positive correlation. The 3 candidate genes, *Fam171a2*,*Cd300lg*, and *Acbd4*, are highlighted by gray arrows. B, Density distribution plot of the Spearman correlation values for each gene in the network with PR interval in channel 1 (solid line) and channel 2 (dashed line). This figure summarizes the correlation of the network with PR interval on gene level. C, Scatterplot of the network eigengene values vs PR interval. Dotted lines represent the linear least‐squares fits for channel 1 (light blue) and channel 2 (gray). Spearman Rho correlation values are given in the legend for each channel. This figure summarizes the correlation of the network with PR on network level. eQTL indicates expression quantitative trait locus.](JAH3-7-e009243-g003){#jah33551-fig-0003}

###### 

GO Enrichment of *Arhgap27* Co‐Expression Network

  Category               GO ID                                               Term                    Count   \%         *P* Value
  ---------------------- --------------------------------------------------- ----------------------- ------- ---------- -----------
  Biological process     GO:0051641                                          Cellular localization   10      27.0       1.87E‐02
  GO:0007275             Multicellular organismal development                10                      27.0    3.37E‐02   
  GO:0010608             Posttranscriptional regulation of gene expression   5                       13.5    9.10E‐04   
  GO:0001101             Response to acid chemical                           4                       10.8    2.19E‐03   
  GO:1901699             Cellular response to nitrogen compound              4                       10.8    2.37E‐03   
  GO:1901698             Response to nitrogen compound                       4                       10.8    4.88E‐02   
  GO:0071229             Cellular response to acid chemical                  3                       8.1     8.32E‐03   
  GO:0034660             ncRNA metabolic process                             3                       8.1     1.38E‐02   
  GO:0043068             Positive regulation of programmed cell death        3                       8.1     3.86E‐02   
  GO:0043065             Positive regulation of apoptotic process            3                       8.1     4.07E‐02   
  GO:0071417             Cellular response to organonitrogen compound        3                       8.1     4.47E‐02   
  GO:0032008             Positive regulation of TOR signaling                2                       5.4     2.36E‐03   
  Cellular compartment   GO:0044424                                          Intracellular part      24      64.9       2.72E‐02
  GO:0005622             Intracellular                                       24                      64.9    4.84E‐02   
  GO:0044422             Organelle part                                      17                      45.9    1.68E‐02   
  GO:0005789             Endoplasmic reticulum membrane                      3                       8.1     4.30E‐02   
  GO:0031902             Late endosome membrane                              2                       5.4     3.15E‐02   
  Molecular function     GO:0003723                                          RNA binding             6       16.2       3.80E‐02
  GO:0003725             Double‐stranded RNA binding                         2                       5.4     2.40E‐02   
  GO:0043566             Structure‐specific DNA binding                      2                       5.4     2.50E‐02   
  GO:0005085             Guanyl‐nucleotide exchange factor activity          2                       5.4     3.60E‐02   

GO indicates gene ontology; ncRNA, non‐coding RNA; TOR, target of rapamycin.
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Using the default settings in WGCNA, none of the constructed co‐expression networks contained any of the remaining *cis‐*eQTL candidate genes. To avoid missing potentially interesting networks, we re‐ran WGCNA using less conservative parameterization (see [Methods](#jah33551-sec-0009){ref-type="sec"} section for details) and focused our analysis on those networks containing the *cis‐*eQTL candidate genes. The 3 remaining genes with *cis* eQTLs at the chromosome 10 locus (*Acbd4*,*Cd300lg*, and *Fam171a2*) were found to be part of a single co‐expression network (Figure [4](#jah33551-fig-0004){ref-type="fig"}, Table [S12](#jah33551-sup-0011){ref-type="supplementary-material"}, network M50). The network consists of 31 genes, of which 25 show a significant correlation with PR interval (*P*\<0.05). The eigengene of the network correlates negatively with PR interval (ρ=−0.54 \[channel 1\], −0.58 \[channel 2\]; *P*\<0.05). Gene Ontology enrichment analysis of the network highlights intracellular signal transduction, regulation of metabolic processes, and heart and cardiovascular system development as enriched biological processes (Table [4](#jah33551-tbl-0004){ref-type="table"}; complete results are presented in Table [S13](#jah33551-sup-0013){ref-type="supplementary-material"}). A large portion of the proteins encoded by the genes in the network are localized in vesicles, extracellular organelles, and the membrane region.

![Co‐expression network containing significant eQTL gene *Arhgap27*. Overview of the co‐expression network of 37 genes, containing a candidate gene identified through eQTL analysis. A, Heatmap showing the Spearman correlation between gene expression patterns of each gene pair. Blue signifies negative correlation, while orange signifies positive correlation. The candidate gene, Arhgap27, is highlighted by gray arrows. B, Density distribution plot of the Spearman correlation values for each gene in the network with PR interval in channel 1 (solid line) and channel 2 (dashed line). This figure summarizes the correlation of the network with PR interval on gene level. C, Scatterplot of the network eigengene values vs PR interval. Dotted lines represent the linear least‐squares fits for channel 1 (light blue) and channel 2 (gray). Spearman Rho correlation values are given in the legend for each channel. This figure summarizes the correlation of the network with PR on network level. eQTL indicates expression quantitative trait locus.](JAH3-7-e009243-g004){#jah33551-fig-0004}

###### 

GO Enrichment of *Acbd4*,*Cd300lg*,*and Fam171a2* Co‐Expression Network

  Category             GO ID                                                     Term                              Count   \%         *P* Value
  -------------------- --------------------------------------------------------- --------------------------------- ------- ---------- -----------
  Biological process   GO:0019222                                                Regulation of metabolic process   13      41.9       2.09E‐02
  GO:0009893           Positive regulation of metabolic process                  9                                 29.0    3.83E‐02   
  GO:0048583           Regulation of response to stimulus                        8                                 25.8    3.69E‐02   
  GO:0035556           Intracellular signal transduction                         7                                 22.6    8.61E‐03   
  GO:0030163           Protein catabolic process                                 4                                 12.9    1.54E‐03   
  GO:0007507           Heart development                                         4                                 12.9    3.83E‐03   
  GO:0048598           Embryonic morphogenesis                                   4                                 12.9    8.83E‐03   
  GO:0048729           Tissue morphogenesis                                      4                                 12.9    9.54E‐03   
  GO:0030162           Regulation of proteolysis                                 4                                 12.9    1.25E‐02   
  GO:0035295           Tube development                                          4                                 12.9    1.40E‐02   
  GO:0009057           Macromolecule catabolic process                           4                                 12.9    1.86E‐02   
  GO:1902580           Single‐organism cellular localization                     4                                 12.9    3.47E‐02   
  GO:0006508           Proteolysis                                               4                                 12.9    3.47E‐02   
  GO:0009894           Regulation of catabolic process                           4                                 12.9    3.60E‐02   
  GO:0051056           Regulation of small GTPase‐mediated signal transduction   4                                 12.9    4.11E‐02   
  GO:0072358           Cardiovascular system development                         4                                 12.9    4.70E‐02   
  GO:0072359           Circulatory system development                            4                                 12.9    4.70E‐02   
  Cellular component   GO:0043226                                                Organelle                         21      67.7       4.92E‐02
  GO:0031982           Vesicle                                                   11                                35.5    2.78E‐02   
  GO:0043230           Extracellular organelle                                   9                                 29.0    3.15E‐02   
  GO:0098589           Membrane region                                           5                                 16.1    2.53E‐02   
  GO:0097458           Neuron part                                               5                                 16.1    4.32E‐02   
  GO:0016323           Basolateral plasma membrane                               2                                 6.5     3.51E‐02   
  Molecular function   GO:0032403                                                Protein complex binding           6       19.4       5.50E‐03
  GO:0044877           Macromolecular complex binding                            6                                 19.4    2.63E‐02   
  GO:0098772           Molecular function regulator                              5                                 16.1    1.67E‐02   
  GO:0030234           Enzyme regulator activity                                 4                                 12.9    2.47E‐02   
  GO:0048037           Cofactor binding                                          3                                 9.7     1.07E‐02   
  GO:0051020           GTPase binding                                            3                                 9.7     4.58E‐02   
  GO:0016746           Transferase activity, transferring acyl groups            2                                 6.5     1.30E‐02   
  GO:0004197           Cysteine‐type endopeptidase activity                      2                                 6.5     3.47E‐02   
  GO:0005518           Collagen binding                                          2                                 6.5     4.11E‐02   
  GO:0050839           Cell adhesion molecule binding                            2                                 6.5     4.23E‐02   

GO indicates gene ontology; GTPase, guanosine triphosphate hydrolase.
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*Nhlrc1,* which showed a significant *cis* eQTL effect at the chromosome 17 QTL, is part of a co‐expression network with 80 genes (network M51, [Table S14](#jah33551-sup-0011){ref-type="supplementary-material"}). Only 3 of these genes show a significant correlation with PR interval, which is reflected in the absence of correlation between the eigengene of the network and PR interval (Figure [S3](#jah33551-sup-0001){ref-type="supplementary-material"}).

Enrichment for Cardiac Electrophysiological Trait GWAS Genes {#jah33551-sec-0029}
------------------------------------------------------------

We assessed whether genes comprising specific co‐expression networks were enriched in genes located at loci associated with ECG parameters (heart rate, heart rate variability, PR interval, QRS duration, QTc interval, and ST‐T wave amplitudes) or arrhythmia (atrial fibrillation) in GWAS in humans (hereafter referred to as "GWAS genes"). Results of enrichment analyses of these ECG/arrhythmia GWAS genes in the 49 rat heart gene networks are presented in Tables [S15](#jah33551-sup-0014){ref-type="supplementary-material"} and [S16](#jah33551-sup-0015){ref-type="supplementary-material"}. A total of 13 gene networks were found enriched for ECG/arrhythmia GWAS genes at a nominal statistical significance (*P*\<0.05). Of these, network M10, which was correlated with QTc interval in the rat (ρ=−0.416, *P*=2.56×10^−2^, Table [S3](#jah33551-sup-0004){ref-type="supplementary-material"}), was enriched in GWAS genes from QTc interval GWAS (5/32 genes: *Coro7*;*Flywch2*;*Trap1*;*Cluap1*;*Zfp213*;*P*=9.88×10^−3^). Similarly, co‐expression network M22, which was correlated with QRS duration in rat (ρ=−0.423, *P*=2.32×10^−2^, Table [S3](#jah33551-sup-0004){ref-type="supplementary-material"}), was enriched in GWAS genes from QRS GWAS (4/22 genes: *Suox*;*Hadhb*;*Cs*;*Hadha; P*=3.72×10^−2^). This suggests that the association between these gene co‐expression networks and cardiac electrophysiological traits identified in the RI strains is conserved in humans, emphasizing the potential value of these networks for studying the underlying mechanisms.

Discussion {#jah33551-sec-0030}
==========

We here used the HXB/BXH RI rat panel to map genetic loci modulating ECG parameters. We identified 2 QTLs on chromosomes 10 and 17 for PR interval, a measure of atrioventricular conduction. Genes at these 2 loci were prioritized by inspecting genes at the locus for protein‐altering genetic variation, by means of *cis*‐eQTL analysis and by correlating the abundance of their transcript with the PR interval. Furthermore, we constructed cardiac co‐expression networks and identified 6 gene networks that were correlated with PR interval or QRS duration, both parameters of cardiac conduction. Our study thus identifies novel candidate genes and gene networks for cardiac conduction, pointing to biological processes that may impact on this aspect of cardiac electrical function.

Slowing of conduction of the cardiac electrical impulse is a well‐established mediator of potentially lethal arrhythmia in the setting of various cardiac pathologies such as myocardial ischemia and heart failure.[44](#jah33551-bib-0044){ref-type="ref"}, [45](#jah33551-bib-0045){ref-type="ref"}, [46](#jah33551-bib-0046){ref-type="ref"} Cardiac conduction depends mainly on 3 factors, namely, the function of the cardiac sodium channel that mediates cardiomyocyte depolarization, cell--cell coupling by gap junctional channels, and tissue architecture including fibrosis. Each of these is, in turn, regulated by complex biological processes that remain largely unknown. The identification and understanding of these processes is essential to enable the development of therapeutic strategies to improve cardiac conduction and for the development of risk stratification strategies in patients with cardiac pathologies associated with sudden cardiac death. Rodent genetic studies such as ours can complement genetic studies in humans in dissecting the genetic underpinnings of cardiac conduction. In particular, they overcome some limitations of human genetic studies in that they allow the integration of different levels of "omics" data, such as cardiac transcriptomic data, with the phenotypic data, as done in this study.

Our genetic mapping approach identified 2 QTLs that modulate the PR interval, respectively, on rat chromosome 10 and chromosome 17. PR interval prolongation occurs with advancing age and in the setting of inherited or acquired cardiac disease, and is an established strong predictor of atrial fibrillation.[42](#jah33551-bib-0042){ref-type="ref"} The PR interval reflects the propagation of cardiac electrical impulse from the onset of atrial depolarization to the beginning of ventricular depolarization and as such encompasses conduction through the atria and atrioventricular node. Thus, genetic factors affecting the PR interval may act through biological processes that affect electrical function or tissue architecture of the atria, the atrioventricular node, or both. Furthermore, because the PR interval is modulated by autonomic tone, genetic factors may also affect PR interval duration through the nervous system.

Chromosome 10 PR Interval QTL {#jah33551-sec-0031}
-----------------------------

The chromosome 10 locus harbored the only gene containing a protein‐altering variant, namely, *Hexim2*, which contained a deletion. HEXIM2 negatively regulates the kinase activity of the cyclin‐dependent kinase P‐TEFb, which phosphorylates multiple target proteins to promote transcriptional elongation.[47](#jah33551-bib-0047){ref-type="ref"} While the deletion potentially leads to a loss of function, the latter is well tolerated in humans (probability of loss‐of‐function intolerance=0.37; source: ExAC database,[48](#jah33551-bib-0048){ref-type="ref"} accessed on February 2, 2018). *HEXIM2* has no known association with human disorders according to the Genetic Association Database, the Atlas of Genetics and Cytogenetics in Oncology and Haematology, MalaCards, UniProtKB, and Genatlas (accessed on July 12, 2017). However, this does not rule out a role for *Hexim2* in the modulating cardiac electrophysiology and as such it remains a potential candidate for further study.

At the chromosome 10 locus we detected an eQTL for 4 genes, namely, *Acbd4*,*Cd300lg*,*Fam171a2*, and *Arhgap27*. Furthermore, the transcript abundance of each of these genes was correlated with PR interval duration, making them relevant candidates. The *Arhgap27* gene encodes a member of a large family of proteins that activate Rho‐type guanosine triphosphate metabolizing enzymes that may play a role in clathrin‐mediated endocytosis.[49](#jah33551-bib-0049){ref-type="ref"} Of note, atrioventricular conduction defects have been described secondary to alterations in Rho‐signaling.[50](#jah33551-bib-0050){ref-type="ref"}, [51](#jah33551-bib-0051){ref-type="ref"} More specifically, inhibition of Rho‐GTPase activity has been shown to slow atrioventricular conduction, mediated at least in part by a reduction in expression of Connexin40, a gap junction protein expressed in the cardiac conduction system.[51](#jah33551-bib-0051){ref-type="ref"} Overexpression of RhoA furthermore induced sinus node and atrioventricular dysfunction in mice, which could in part be secondary to cardiac structural abnormalities.[52](#jah33551-bib-0052){ref-type="ref"} A potential direct effect of RhoA on cardiac electrical activity was demonstrated by the observation that RhoA regulates the delayed rectifier potassium channel K~V~1.2.[53](#jah33551-bib-0053){ref-type="ref"} In humans, GWAS *ARGHAP24,* a paralog of *Arghap27*, is located at a locus that has been associated with PR interval duration.[54](#jah33551-bib-0054){ref-type="ref"}

The other 3 genes at the chromosome 10 locus that display an eQTL effect (that is, *Acbd4*,*Cd300lg*, and *Fam171a2*) are part of the same gene expression network. While these 3 genes have been shown to be expressed in heart,[39](#jah33551-bib-0039){ref-type="ref"} they have not been implicated in cardiac electrophysiology or disease before. The *Acbd4* gene encodes ACBD4 (acyl‐CoA binding domain protein 4), a peroxisomal membrane protein.[55](#jah33551-bib-0055){ref-type="ref"} A number of studies have linked peroxisome proliferator--activated receptor activity to ion channel remodeling, cardiac conduction disturbances, and arrhythmogenesis.[56](#jah33551-bib-0056){ref-type="ref"}, [57](#jah33551-bib-0057){ref-type="ref"}, [58](#jah33551-bib-0058){ref-type="ref"} *Cd300lg* encodes a type I cell surface glycoprotein that is localized in the endosome. Both *Acbd4* and *Cd300lg* are target genes of the homeobox protein Nkx2.5, and *Nkx2.5* mutations are associated with atrioventricular conduction disturbances.[59](#jah33551-bib-0059){ref-type="ref"} Furthermore, *Acbd4* is reduced in the atrioventricular canal by Tbx3‐mediated repression,[60](#jah33551-bib-0060){ref-type="ref"} suggesting a role for both genes in heart development and function, particularly in relation to atrioventricular conduction. The function of the protein product of *Fam171a2* is as yet unknown. The co‐expression network (M50, Table [S12](#jah33551-sup-0011){ref-type="supplementary-material"}) containing *Acbd4*,*Cd300lg*, and *Fam171a2* is significantly positively correlated with PR interval and shows enrichment for genes encoding proteins localized in vesicles, extracellular organelles, and the membrane region; one could speculate that 1 or more of these genes may impact on the PR interval by affecting vesicular ion channel transport to the membrane.

Although no *cis*‐eQTLs nor a coding region variant for this gene were found, a strong positional candidate for the effect of the chromosome 10 PR interval QTL is the *Gjc1* gene. *Gjc1* encodes Connexin45 (Cx45), a gap junctional protein predominantly expressed in the cardiac conduction system including the atrioventricular node and His‐bundle.[61](#jah33551-bib-0061){ref-type="ref"} Mice with inducible, cardiac‐specific knockdown of Cx45 display atrioventricular conduction delay.[62](#jah33551-bib-0062){ref-type="ref"} Another candidate at the chromosome 10 locus is *Gosr2*. In humans, *GOSR2* overlaps a haplotype that has been associated with QRS duration (another parameter of cardiac conduction, namely, ventricular conduction) in GWAS[40](#jah33551-bib-0040){ref-type="ref"}; *GOSR2* mutations are furthermore associated with progressive myoclonus epilepsy.[63](#jah33551-bib-0063){ref-type="ref"} GOSR2 is a trafficking protein, involved in Golgi vesicle transport, which could theoretically be of relevance for ion channel trafficking in the cardiomyocyte and hence cardiac conduction. Although we found that *Gjc1* and *Gosr2* are expressed above background levels, as observed previously by others,[62](#jah33551-bib-0062){ref-type="ref"}, [64](#jah33551-bib-0064){ref-type="ref"} no eQTL for *Gjc1* or *Gosr2* was observed. Although this could be because of limited statistical power in our eQTL analysis, our results may also suggest that in the left ventricle of the studied HXB/BXH strains, the expression level of these genes is not under genetic control of the haplotype driving the effect at the locus. However, a gene dosage effect that is restricted to the cardiac conduction system (for example, in the atrioventricular node or the His‐bundle) cannot be ruled out. Testing this would necessitate eQTL analysis in these cardiac subcompartments, which is challenging because of their small size.

Chromosome 17 PR Interval QTL {#jah33551-sec-0032}
-----------------------------

The only candidate gene at the chromosome 17 locus based on eQTL analysis, *Nhlrc1*, encodes a single subunit E3 ubiquitin ligase, which polyubiquitinates the protein laforin and in complex with the latter promotes the degradation of misfolded proteins.[65](#jah33551-bib-0065){ref-type="ref"} Defects in *NHLRC1* lead to an accumulation of laforin and onset of Lafora disease, also known as progressive myoclonic epilepsy type 2.[66](#jah33551-bib-0066){ref-type="ref"} Furthermore, *NHLRC1* mutations have also been associated with polyglucosan storage myopathies, which present with skeletal and cardiac muscle weakness and wasting in addition to cardiomyopathy, conduction block, and arrhythmia.[67](#jah33551-bib-0067){ref-type="ref"} While the expression of *Nhlrc1* significantly correlated with PR interval (ρ=0.4, *P*=0.03), the majority of the genes (78 out of 80) in the *Nhlrc1* co‐expression network did not show a significant correlation with PR interval and hence any enrichment for biological processes would be uninformative. Based on these data, potential mechanisms for how *Nhlrc1* could be affecting atrioventricular conduction are thus far unclear, but it may be speculated that accumulation of (toxic) misfolded proteins and/or glycogen may play a role.[68](#jah33551-bib-0068){ref-type="ref"}

Expression of Candidate Genes in Rat and Human Cardiac Tissue {#jah33551-sec-0033}
-------------------------------------------------------------

Since the PR interval mostly reflects conduction through the atria and the atrioventricular node, the functional relevance of the observed correlation with expression levels of the candidate genes in ventricular tissue may not be evident at first glance. It is, however, known that *cis* eQTLs are often shared across multiple tissues.[41](#jah33551-bib-0041){ref-type="ref"}, [69](#jah33551-bib-0069){ref-type="ref"} For human heart tissue, a previous study revealed an extensive correlation between *cis* eQTLs in left ventricle and atrial appendage, both absolute (Spearman ρ\>0.70) as well as relative compared with other tissues.[41](#jah33551-bib-0041){ref-type="ref"} Indeed, according to the GTEx database, both *FAM171A2* and *ARHGAP27* have significant eQTLs that are shared between these cardiac tissues in humans. In addition, the eQTL for *Acbd4* identified in this study is shared between left ventricular, kidney, and skeletal muscle tissues within the HXB/BXH RI strains, further demonstrating the presence of *cis* eQTLs across multiple tissues.[69](#jah33551-bib-0069){ref-type="ref"} Atrial expression data are currently unavailable for the HXB/BXH RI strains, but expression of *Acbd4*,*Fam171a2*, and *Arhgap27* has been confirmed in atrial tissue of Sprague‐Dawley rats (GEO data set, accession [GSE5266](GSE5266) [42](#jah33551-bib-0042){ref-type="ref"}). In addition, RNA Seq data from the GTEx database demonstrate the presence of *ACBD4*,*CD300LG*, and *ARHGAP27* in human atrial appendage. Taken together, these observations underscore the potential transferability of our current findings to atrial and/or atrioventricular tissue and consequent relevance for (atrio)ventricular conduction.

Conclusion {#jah33551-sec-0034}
==========

We here combined genetic and cardiac transcriptomic studies in RI rats to identify genetic loci and gene networks associated with the electrocardiographic PR interval. The integration of classical QTL mapping with eQTL and network analyses yielded candidate genes that are under strong transcriptional control, are correlated with the corresponding trait, and occur in co‐expression networks enriched for meaningful biological processes. The transcriptional analyses (ie, eQTL and co‐expression network analyses) proved key in identification of these candidate genes amidst the total list of 59 genes at the PR interval--associated loci on chromosomes 10 and 17. Conversely, 2 candidate genes with prior association with cardiac traits in human (*Gosr2*,*Gjc1*) showed no appreciable transcriptional differences between the strains. Without the transcriptional studies, these genes might have been selected as the sole prime candidates at the respective loci. Only combined, these data sets thus allowed a valid and unbiased starting point for future studies with the potential of identifying novel mechanisms underlying cardiac electrical function. This study therefore demonstrates the opportunities offered by combining genetic studies in rodents with gene expression and cardiac electrophysiological phenotypes to yield novel candidates in an unbiased way.
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**Figure S1.** Figure illustrating the principle of determining PR interval in an ECG in 2 ways: (A) with the start of the QRS complex defined as the very first deflection from the baseline (typically a downward slope), and (B) with the start of the QRS complex defined as the start of its fast.

**Figure S2.** Variability within and between strains for the different ECG parameters: RR‐interval, PR‐interval, QRS‐interval, and QT‐interval with and without correction for heart rate (corr.). Error bars indicate SEM.

**Figure S3.** Co‐expression network containing the significant eQTL gene Nhlrc1. Overview of the co‐expression network of 80 genes, containing a candidate gene identified through eQTL analysis. A, Heatmap showing the Spearman correlation between gene expression patterns of each gene pair. Blue signifies negative correlation, while orange signifies positive correlation. The candidate gene, Nhlrc1, is highlighted by a gray arrow. B, Density distribution plot of the Spearman correlation values for each gene in the network with PR interval in channel 1 (solid line) and channel 2 (dashed line). This figure summarizes the correlation of the network to PR interval on gene level. C, Scatterplot of the network eigengene values vs PR interval. Dotted lines represent the linear least‐squares fits for channel 1 (light blue) and channel 2 (gray). Spearman Rho correlation values are given in the legend for each channel. This figure summarizes the correlation of the network with PR on network level.

###### 

Click here for additional data file.
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**Table S1.** Overview of Candidate Genes at the Identified Chromosome 10 and Chromosome 17 Loci
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Click here for additional data file.
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**Table S2.** Overview of All Genes That Are Part of a Co‐Expression Network
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Click here for additional data file.
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**Table S3.** Correlation of Co‐Expression Networks With ECG Traits
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